Hepatitis C virus (HCV) infection and associated liver diseases are still challenging and represent a significant health care burden around the world. Although, the treatment strategies have been improved by the development of novel direct-acting antivirals, but such therapeutic options are still expensive and beyond the financial range of the most infected individuals in developing or even in resource replete countries. It demands an urgent need to search novel and improved alternate treatment strategies to treat the infection. The present study was aimed to develop an in vitro stable cell culture system, persistently expressing HCV genotype 1a non-structural genes and to characterize the inhibitory effects of synthetic siRNAs (short interference RNA) directed against the most conserved regions of nonstructural genes in an in vitro cell culture model. The continuous expression of nonstructural genes for more than 30 days post transfection was detected by reverse transcription polymerase chain reaction (RT-PCR) and Western blot analysis in stable human hepatoma cell line (Huh-7). The gene expression studies revealed significantly reduced * Corresponding author.
Introduction
Afflicting around 170 million people worldwide, Hepatitis C virus (HCV) infection and associated liver diseases (hepatic cirrhosis, fibrosis and hepatocellular carcinoma) are significant health concerns in developing world and even in developed countries [1] . HCV infection results in more than 350,000 deaths every year predominantly due to hepatic cirrhosis and hepatocellular carcinoma [2] . HCV is a small, enveloped, positive sense single-stranded RNA (ssRNA) virus of approximately 9.6 kb long [3] . The viral genome consists of a single long open reading frame (ORF) encoding a single polypeptide of approximately 3100 amino acids [4] . The viral single polyprotein is proteolytically cleaved by host and viral encoded proteases into four mature structural and six nonstructural proteins [5] . The structural proteins are actively involved in virion formation while the nonstructural proteins are essential for viral replication, translation and polyprotein processing [6] . The proteins that significantly contribute to viral replication and translation (i.e., NS5B and NS3) are also the potential active target sites for the development of novel direct-acting antivirals and genome-based therapeutics [7] . Efforts to understand HCV life cycle and to identify effective anti-HCV agents have hampered by the lack of an efficient cell culture system [8] [9] . However, subgenomic replicons, HCV pseudo-particles, infection based cell culture systems and small animal models are currently available to study HCV replication and for the development of anti-HCV treatment strategies [10] [11] .
RNA interference (RNAi) is a gene-silencing mechanism by which a small double-stranded RNA (dsRNA) does sequential degradation of ssRNA (i.e., targeted mRNA) [12] . This degradation process of targeted mRNA completes in two discrete steps [13] . First, a long dsRNA is processed into 21 -23 nucleotide siRNAs by Dicer (i.e., an RNase-III nuclease) [14] . Second, siRNA is incorporated into a multi-protein complex known as RISC (RNA-induced silencing complex) [15] . This siRNA-RISC complex leads to degradation of targeted mRNA recognized by the anti-sense strand of siRNA [15] . In-vitro and animal studies point out that RNAi therapeutics may be useful for future clinical use as the treatment of certain infectious diseases, cancer and certain metabolic disorders [16] - [18] . Similarly, the phenomenon is highly effective at low dosage which makes it an excellent candidate for future clinical use [19] . Consequently, RNAi as a drug class may have the potential to exert a transformational effect on modern molecular medicine.
The siRNA may be evaluated for their therapeutic activity against HCV, because HCV mRNA acts as a template both for viral translation and replication [20] [21] . For this reason, destruction of mRNA blocks viral replication and also inhibits protein synthesis. Several studies reported that siRNA mediated gene silencing blocked HCV replication in Huh-7 derived cell lines [22] [23] . However, viral escape mutants and off-target effects of RNA interference create significant problem to develop useful RNAi-based antiviral therapies [24] . This problem may be solved by searching highly conserved genome target sites while designing and constructing synthetic siRNAs.
The present study was aimed to characterize the inhibitory effects of siRNA against HCV genotype 1a nonstructural proteins in an in vitro stable Huh-7 cell culture system. We aimed to develop stable Huh-7 cell culture systems that persistently express HCV genotype 1a nonstructural proteins more than one month. Such in vitro cell line models would be helpful to understand the molecular pathogenesis of the infection and also to establish novel drug screening assays for anti-HCV compounds. We demonstrated a significant decrease in mRNA and protein expression of HCV 1a genotype nonstructural proteins (NS2, NS4A & NS5A) at mRNA and protein levels in stable cell lines. The specificity of siRNAs to inhibit HCV genome replication was also established in serum-infected Huh-7 cells.
Materials and Methods

PCR Amplification of HCV Nonstructural Genes
HCV non-structural genes (NS2, NS4A & NS5A) were amplified by using 200 ng HFL plasmid that expresses the complete HCV 1a genotype genome. Gene-specific primers with restriction enzyme sites (forward primers with EcoRV and reverse primers with Xba 1 restriction sites) were used to amplify the amplicons ( Table 1) . The restriction enzyme sites were further helpful to clone nonstructural genes into a mammalian expression plasmid pCR3.1/FlagTAG and to minimize complementarities with each other in order to avoid primer-dimer formations. PCR amplifications were performed by using 2X PCR master mix (Fermentas, Maryland USA) in a thermal cycler under optimized PCR conditions. The amplified product size was confirmed by resolving on 1.2% TAE (tris-acetate EDTA) agarose gel, stained DNA with ethidium bromide and analyzed under UV light in gel documentation apparatus.
Construction of Mammalian Expression Plasmid Expressing Nonstructural Genes
The mammalian expression plasmids (i.e., pCR3.1/FlagTAG/nonstructural genes) were constructed by cloning first FlagTAG into a pCR3.1 vector by following the manufacturer's protocols and by using standard cloning 
PCR amplification primers
NS2-F
GC GAT ATC CTG GAC ACG GAG GTG GCC EcoRV 651 bp 651 bp NS2-R AAT CTA GA TTA CAG CAA CCT CCA CCC CTT Xba I GC GAT ATC AGC ACC TGG GTG CTC GTT  EcoRV  162 bp  165 bp  NS4A-R  AAT CTA GA TTA GCA CTC TTC CAT CTC ATC  Xba I   NS5A-F  GC GAT ATC TCC GGT TCC TGG CCA AGG  EcoRV  1344 bp  1344 bp  NS5A-R  AAT CTA GA TTA GCA GCA CAC GAC ATC TTC  Xba I EcoRV 5'-GC GAT ATC-3' forward Xba I 5'-AAT CTA GA TTA-3' reverse
NS4A-F
FlagTAG Primers
FlagTAG-sense BamHI-5'-GATCC ATG GAC TAC AAG GAC GAC GAT GAC AAG GAC TAC AAG GAC GAC GAT GAC AAG GAT-3'-EcoRV
FlagTAG-antisense
EcoRV-5'-ATC CTT GTC ATC GTC GTC CTT GTA GTC GTT GTC ATC GTC GTC CTG GTA GTC CAT G-BamHI Table 1 ). After that, NS2, NS4A and NS5A amplicons were cloned into the pCR3.1/FlagTAG plasmid. The cloning of nonstructural genes was confirmed by PCR and restriction digestion reactions by using standard PCR amplification and restriction enzyme digestion kit's protocol (Fermentas, Maryland, USA).
RT-PCR primers
NS2-F GGACGACGATGACAAGGACT 383 bp NS2-R CGCACGAAGTAGGGGACTT NS4A-F AGCACCTGGGTGCTCGTT 140 bp NS4A-R AGGTATAATTGCCGGCTTCC NS5A-F GGACGACGATGACAAGGACT 260 bp NS5A-R TTATAGTTCGGCGCAGGAAG GAPDH-F ACCACAGTCCATGCCATCAC 453 bp GAPDH-R TCCACCACCCTGTTGCTGTA methods (
Cell Culturing and Viable Cell Count
Huh-7 cell line, was grown in complete cell culture medium containing DMEM (Dulbecco's modified Eagle medium), 10% FBS (Fetal bovine serum; Sigma-Aldrich, USA), and 1000 μg/ml antibiotics (i.e., penicillin and streptomycin) in tissue culture flasks under humidified atmosphere at 37˚C. The old cell culture medium was replaced with the new one after 72 h, and the cells were passaged every 4 th -5 th days. For viable cell count and transfection of expression plasmids, the cells were splitted and plated at a density of 3 × 10 5 cells/well in 6-well tissue culture plate. For this purpose, the old cell culture media was removed from tissue culture flask, washed the cells with 5 ml of 1X PBS (Phosphate-buffered saline) and incubated the cells with 3 ml of trypsin/EDTA (Invitrogen Life Technologies, USA) to dislodge the cells at 37˚C for 3 -5 minutes. Then 5 ml of fresh cell culture media was added to neutralize trypsin/EDTA (Ethylenediaminetetraacetic acid), and the cell suspension was transferred to a falcon tube for centrifugation at 3000 rpm for 2 minutes. The supernatant was removed, and the cell pellet was resuspended in 5 ml fresh media as a uniform single cell suspension. The cells were counted in a hemocytometer by placing a cover slide on it with 10 μl of dispensing cell suspension under an inverted light microscope. The trypan blue dye (Sigma-Aldrich, USA) explosive method was used to count the viable Huh-7 cells by following the manufacturer's protocol. Briefly, prepared a 1:1 of the cell suspension to trypan blue dye and dispensed 10 μl on a glass slide and counted the cells by using hemocytometer under an inverted light microscope. The cells were grown at a density of 3 × 10 5 cells/well in 6-well tissue culture plates and incubated at 37˚C for 24 h prior to transfection.
Transfection of Huh-7 Cells with Mammalian Expression Plasmid
After 24 h, when the cells were 60% -70% confluent in 6-well tissue culture plates, removed the old cell culture media and washed the cell monolayers 3 -4 times with 1X PBS. After that, the cells were transfected with constructed plasmids (pCR3.1/FlagTAG/non-structural genes) in a dose-dependent manner (0.5 μg, 1 μg, and 2 μg) at different time intervals (24 h, 36 h and 48 h) by using Lipofectamine™ 2000 (Invitrogen life technologies, CA) as a transfection reagent by following the manufacturer's instructions. The empty vector (i.e., PCR3.1/ FlagTAG) was used as mock transfection (i.e., negative control). After 6 -8 h, the cell culture media was replaced to complete cell culture medium, and incubated the cells under humidified atmosphere at 37˚C until harvested at 24, 48 and 72 h for mRNA and protein expression analysis.
Total RNA Extraction and RT-PCR for mRNA Expression
The total cellular RNA was extracted by using the Trizol reagent (Invitrogen Life sciences, CA) according to the manufacturer's instructions, and isolated RNA was stored at −80˚C prior use. First-strand cDNA was synthesized using 1 μg of extracted RNA by the First strand cDNA synthesis kit (Fermentas, Maryland, USA) according to the kit's protocol. The cDNA was amplified by regular PCR using forward and reverse primers of cellular gene GAPDH (Glyceraldehyde phosphate dehydrogenase) and non-structural genes-specific RT-PCR primers under the optimized PCR conditions ( Table 1 ). The amplified PCR products were subjected to 1.2% TAE agarose gel electrophoresis to confirm the mRNA expression of transfected genes.
Protein Extraction and Western Blot Analysis
After 24 and 48 h post transfection, the transfected Huh-7 cells were lysed with cell lysis buffer (proteoJET mammalian cell lysis reagent, Fermentas, CA) and total protein was extracted for protein expression analysis by Western blot. For stable cell clones, the cells were harvested with cell lysis buffer after 10 th , 20 th and 30 th days post transfection. Before protein extraction, removed the cell culture medium and washed the cell monolayers with 1X PBS. After that, added 100 μl cell lysis buffer, scraped the cells and incubated the cell pellet in an Eppendorf tube on ice for 10 minutes. The cells suspension was centrifuged at 13,000 rpm at 4˚C for 25 minutes. The supernatant containing protein was transferred to an Eppendorf tube and stored at −20˚C prior to use for protein estimation and Western blotting. The protein concentration of each sample was determined by Bradford assay ® (Bio Red, Germany) and was subjected to electrophoresis on 12% SDS-PAGE (Sodium dodecyl sulphate-Poly acryl amide gel electrophoresis) gels. After electrophoresis, the gel protein samples were transferred to a blot (i.e., nitrocellulose membrane) by following the manufacturer's instructions (Bio-Red, CA). After that, the blot was blocked with 5% skimmed milk for 1 h at room temperature or 4˚C overnight to remove non-specific binding sites. Then the membrane was washed twice with 1X TBST (Tris-Buffered Saline Tween 20) solution and incubated with anti-mouse monoclonal antibodies (i.e., Primary antibodies) specific to non-structural proteins (NS2, NS4A & NS5A; Santa Cruz Biotechnology Inc, USA), and GAPDH (Santa Cruz Biotechnology Inc, USA) in 2.5% skim milk while suspending the membrane in 1X TBST solution and incubated for 1-1/2h at room temperature. The membrane was washed twice with IX TBST solution with mild agitation to remove primary antibody and incubated with secondary horseradish peroxidase-conjugated antibody (Sigma-Aldrich, USA) for 1 h at 25˚C. The membrane was washed again with 1X TBST solution to remove secondary antibody in the same way as the primary one. The protein expression was determined by using an enhanced chemiluminescence detection kit by following the kit's protocol (Sigma-Aldrich, St. Louis, USA) and imaged by using X-ray film (Fuji film, Japan).
Huh-7 Stable Cell Line Generation Expressing NS2, NS4A and NS5A Proteins
Huh-7 cell clones persistently expressing NS2, NS4A and NS5A proteins after 30 days post-transfection were produced under the selection of antibiotic Gentamycin (G 418). Huh-7 cells with transfected plasmid were replated in 60 mm tissue culture plate after 48 h post transfection. Immediately, replaced the old cell growth media with new one adding 1000 μg/ml Gentamycin (G 418) and incubated the cells at 37˚C with 5% CO 2 and 95% air. The cell colonies viable/resistant to 1000 μg/ml Gentamycin (G 418) appeared after some days, were picked carefully and cultured in the complete cell growth medium. The selection of stable cell clones expressing nonstructural genes occurred after 30 days in the presence of 750 μg/ml Gentamycin (G418). Nonstructural proteins expression both at mRNA and protein level was confirmed by RT-PCR and Western blot analysis.
siRNA Designing
The genome sequences of NS2, NS4A and NS5B genes were used to find targets sequences for siRNA designing and these sequences were found by using a web-based tool "siRNA Target Finder" (Ambion) followed by generation of siRNAs using the Silencer siRNA Construction Kit (Ambion, USA). siRNAs with 21nt sequences in the target gene sequence started with AA nucleotides at the 5' end followed by 19nt and 30% -50% GC content was selected ( Table 2) .
In order to minimize the complementary effects of siRNAs against human genomes, the homology to coding sequences in humans was checked by BLAST, available on the NCBI server at (www.ncbi.nlm.nih.gov/BLAST). A scrambled siRNA (used as internal control) was also designed on the same pattern as the experimental ones that lack significant sequence homology to HCV and human genomes.
Determination of siRNA Cellular Toxicity
MTT cell proliferation assay was used to evaluate the cytotoxic effects of siRNAs in Huh-7 cells by using Lipofectamine™ 2000 (Invitrogen, USA) as transfection reagent in a dose-dependent manner. Huh-7 cells at a density of 2 × 10 3 cells/well were cultured in 96-well tissue culture plate. After 24 h incubation, the cells were transfected with corresponding genome specific siRNAs from 10 nM to 50 nM dose. The plate was sealed and incubated at 37˚C in humidified atmosphere for overnight. After overnight incubation, replaced the old cell growth media with fresh one (100 μl) and added 20 μl of the MTT (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) solution in all wells of the plate. Wrapped the plate in an aluminum foil and incubated at 37˚C for 3 -4 hrs. Again, carefully removed the cell growth media and added 100 μl of MTT solvent (solubilized in DMSO) in all wells of the plate to dissolve formazan crystals. Formazan products in cells (viable Huh-7 cells) were determined by measuring absorbance at a test wavelength (570 nm) and reference wavelength (620 nm) by an ELISA (Enzyme-linked immunosorbent assay) plate reader.
Transfection of Stable Cell Lines with Gene Specific siRNAs
To determine the inhibitory effects of siRNAs against nonstructural genes in stable cell lines, the cells were cultured in 6-well plate at a density of 3 × 10 5 cells/well for 24 h before transfection. When the plates were 60% -80% cell confluent, removed the cell growth medium and washed the cells with 1X PBS. After that, transfected the cells by transfection mixture prepared by adding 50 nM of synthetic siRNAs (NS2, NS4A and NS5A genes specific) and 2 μl of lipofectamine™ 2000 diluted in 1ml DMEM supplemented with antibiotics but without 10% FBS. The mixture was added to each well of 6-well plate dropwise and swirled to ensure the equal distribution. After 6 h, removed the old cell growth media, washed the cells with 1X PBS and added cell growth medium without antibiotics and incubated at 37˚C with 5% CO 2 and 95% air for 24 and 48 h. The total mRNA and protein was extracted after 24 h and 48 h post transfection to evaluate the siRNA inhibitory effects on NS2, NS4A and NS5A gene expression by RT-PCR and Western blot analysis
siRNA Inhibition Analysis by Quantitative Real-Time PCR
The quantitative siRNA inhibition against NS2, NS4A and NS5A genes in stable cell line was determined by quantitative Real-Time PCR (qPCR) ABI 7500 (Applied Biosystem, USA) using SYBR Green mix (Fermentas, Maryland, USA) and genome-specific primers at optimized conditions according to manufacturer's instructions. The quantification of cellular GAPDH gene was used as an internal control for the data normalization. SDS 3.1 software was used for relative gene expression analysis. Each trial was performed in triplicate. Mean, standard deviation, standard error and level of significance was also determined by SPSS software (version 16.0).
Serum Sample Collection
The local HCV genotype 1a patient's serum used in this study were collected from King Fahad Medical hospital and research center (KFMHRC) Jeddah, Saudi Arabia after clinical diagnosis under the provision of Institutional Review Board (IRB) of the KFMHRC. The patients under 18 years or above 70 and pregnant females were excluded. The participating subjects gave informed consent to collect blood samples for the study. The diagnosis of chronic HCV was based on elevated serum SGPT (Serum glutamic pyruvic transaminase) and SGOT (Serum glutamic oxaloacetic transaminase) levels at least for six months, histological examination and detection of active HCV mRNA by standard qualitative and quantitative PCR reactions. KFMHRC viral diagnostic laboratory determined the viral genotype of collected serum samples. Viral load was quantified by Real-Time quantitative PCR (qPCR) before conducting the trials. The samples were stored at −40˚C prior to precede RNA extraction.
Viral Inoculation of Huh-7 Cells and Co-Transfection with siRNAs
For viral inoculation experiments, we used similar protocols as described by Khaliq et al., 2010 with slight modifications [25] . A high viral load of patient's sera (>5 × 10 7 IU/ml) were used to infect Huh-7 cells in these trials. Huh-7 cells (i.e., 3 × 10 5 cells/well) were cultured in 6-well tissue culture plate in complete cell culture media. When the plate was 60% -80% cell confluent, the cells were washed twice with 1X PBS, inoculated with 500 μl (5 × 10 7 IU/ml) serum and 500 μl FBS-free cell culture media. After 6 h, cells were washed thrice with 1X PBS and complete cell culture media containing 10% FBS was added. The cells were incubated at 37˚C in humidified atmosphere for overnight. Next day, the adherent cell monolayer was washed twice with 1X PBS to get rid of remaining infection serum; added 2 ml of fresh cell culture medium and cell incubation was continued. After 72 h of viral inoculation, the cell monolayer was washed twice with 1X PBS before harvesting and extracting viral mRNA. The viral mRNA in Huh-7 cells was quantified by qPCR.
To determine the inhibitory effects of siRNAs on viral replication by calculating a decrease in HCV viral titer, serum infected Huh-7 cells were cultured again into 6 well plates (3 × 10 5 cells/well) until the cells become 60% -80% confluent in 2 ml cell culture medium. The cells were transfected with 50 nM/well synthetic siRNAs directed against NS2, NS4A and NS5A genes and scrambled siRNA (internal control) by using Lipofectamine 2000™ (Invitrogen, USA) as transfection reagent according to the manufacturer's protocol. After 72 h incubation, the total RNA was extracted from the cells by using the Purescript ® RNA Isolation kit (Gentra System Pennsylvania, USA) following the kit protocol. 
Statistical Analysis
SPSS software (version 16.0, SPSS Inc) was used to analyze the data. The data were presented as mean ± standard deviation (SD). p value < 0.05 was considered statistically significant.
Results
Construction of Mammalian Expression Plasmids Expressing HCV Nonstructural Proteins
The mammalian expression plasmids pCR3.1/FlagTAG, persistently expressing HCV non-structural proteins more than 30 days post-transfection were constructed to establish an in vitro stable Huh-7 cell culture system. First, we amplified NS2, NS4A and NS5A genes by using 200 ng HFL plasmid under optimized PCR conditions and confirmed the genes identity by rePCR, restriction digestion and sequencing PCR reactions (Figure 1) . Then the amplicons were cloned successfully into pCR3.1/FlagTAG expression plasmid that was confirmed by restriction digestion reactions and sequencing PCR analysis. The genome sequences of the cloned products were reported in a complete sequence homology with the parent HFL plasmid.
Stable Cell Line Generation Expressing NS2, NS4A and NS5A Proteins in Huh-7 Cells
Stable Huh-7 cell clones persistently expressing (NS2, NS4A & NS5A proteins up to 30 th days post-transfection was produced under the selection pressure of antibiotic Gentamycin (G418). The non-structural proteins expression both at mRNA and protein levels was confirmed by RT-PCR and Western blot analysis (Figure 2 and Figure 3) . (Figure 3) . GAPDH mRNA and protein expression was used as a housekeeping gene (i.e., internal control) both in stable cell clones and non-transfected Huh-7 cells (negative control) and for equal loading of mRNA and protein samples during RT-PCR and Western blot analysis (Figure 2 and Figure 3 ).
Silencing Effects of Genome Specific siRNAs in Stable Cell Clones
Before the screening of siRNA inhibitory effects against NS2, NS4A and NS5A genes in the stable cell line, we determined that the constructed siRNAs have no cellular toxicity to Huh-7 cells by the MTT cell proliferation assay. The results revealed that at 50 nM dose, siRNA had no cellular toxicity to Huh-7 cells that were determined by calculating the percentage viable cell count against specific siRNAs as compared to the scrambled siRNA (Figure 4) .
After that, we transfected stable cell lines with 50 nM dose of genome specific siRNAs named accordingly to NS2, NS4A and NS5A genes and observed the inhibition of corresponding gene expression at different time intervals (i.e., 24 h and 48 h). Results showed significant inhibition of mRNA and protein expression of corresponding genes in a dose dependent manner as compared to the positive control (Figures 5-7) . RT-PCR and Western blot analysis revealed a significant decrease in NS2 gene expression at 48 h post transfection as compared to 24 h with both siRNAs (NS2-is11 & NS2-is22) (Figures 5(a)-(c) ).
We further validated the results of RT-PCR and Western blot by quantitative Real-Time PCR. The relative quantitative analysis by Real-Time PCR revealed that the mRNA transcript level of NS2 gene decreased 17% (p < 0.05) with NS2-is11 and 27% (p < 0.05) with NS2-is22 after 24 h post-transfection (Figure 5(d) ). The mRNA inhibition was 38% (p < 0.05) to NS2-is11 and 51% (p < 0.05) with NS2-is22 after 48 h post-transfection as compared to scrambled siRNA with no significant change in mRNA levels of NS2 gene in controlled Huh-7 cells (Figure 5(d) ). Comparatively, the siRNA NS2-is22 significantly decreased NS2 gene expression in stable cell clones by reaching a maximum inhibition of 51% after 48 h post transfection (Figure 5(d) ).
NS4A gene is considered to be the smallest gene of HCV genome. Therefore, only one siRNA (NS4A-is 55) was designed to determine whether siRNA trigger RNA interference against NS4A gene into stable cell clones. RT-PCR and Western blot analysis showed a significant decrease in expression of NS4A gene after 24 h and 48 h post-transfection (Figures 6(a)-(c)) .
The relative quantitative analysis by qPCR demonstrated that the mRNA levels of NS4A gene were decreased 47% (p < 0.05) after 24 h post-transfection (Figure 6(d) ), while 46% (p < 0.05) inhibition was noticed after 48 h post-transfection as compared to the scrambled siRNA (Figure 6(d) ).
To determine the siRNAs silencing effects against NS5A gene in stable Huh-7 cells, we transfected the cells with two synthetic siRNAs (NS5A-is66, NS5a-is77) at 50 nM dose for 24 and 48 h post transfection. The results exhibited that NS5A gene expression was significantly decreased by NS5A-is66 siRNA as compared to NS5A-is77 after 24 and 48 h post-transfection respectively (Figures 7(a)-(c) ).
We further varified the RT-PCR and Western blot results by qPCR which demonstrated that mRNA levels of NS5A gene were decreased 52% (p < 0.05) with NS5A-is66 and 47% (p < 0.05) with NS5A-is77 after 24 h post-transfection (Figure 7(d)) . Similarly, 54% (p < 0.05) decrease to mRNA expression was noticed with NS5A-is66 and 44% (p < 0.05) with NS5A-is77 after 48 h post-transfection (Figure 7(d)) . Consequently, the siRNA NS5A-is66 was the most effective siRNA by reaching a maximum inhibition of 54% after 48 h posttransfection (Figure 7(d) ).
Silencing Effects of siRNAs in Serum Infected Huh-7 Cells
We further elaborated the study while determining the silencing effects of siRNAs against HCV replication in serum infected Huh-7 cells by calculating a percentage decrease in HCV viral titer by Real Time PCR (Figure  8) .
For this purpose, the cells were infected with high viral titer (>5 × 10 7 copies/μl) of HCV genotype 1a patient's serum and incubated with gene-specific siRNAs. The total RNA was extracted from the cells, and relative quantitative Real-Time PCR was performed to determine a percentage decrease in HCV transcript levels (i.e., HCV viral titer) against gene specific siRNAs. The decrease in viral titer was much more significant with siR-NA NS2-is22 i.e., 58% (p < 0.05) as compared to NS2-is11, which exhibited only 56% (p < 0.05) inhibition (Figure 8(a) ). The inhibition in viral load was 48% (p < 0.05) with NS4A genome specific siRNA (NS4A-is55) (Figure 8(b) ). The siRNAs targeting NS5A region demonstrated 50% (p < 0.05) inhibition of viral load with siRNA NS5A-is66 and 44% (p < 0.05) with NS5A-is77 (Figure 8(c) ). These findings suggested that the decrease in HCV viral titer by siRNAs may be helpful to block HCV replication. Consequently, the use of selective inhibitors like chemically synthesized siRNA might be considered as potential therapeutic approach against HCV.
Discussion
Hepatitis C virus is a serious human liver pathogen and considered to be a serious risk factor for associated hepatic diseases (hepatic fibrosis, cirrhosis, and hepatocellular carcinoma) in infected individuals [1] . The poor therapeutic response to current standard of care i.e., pegylated interferon (PEG-IFN) and ribavirin (RBV) and high therapy cost of the newer drugs demands urgently to improve the existing therapeutic approaches and to develop novel alternate anti-HCV treatment strategies [1] . The HCV nonstructural proteins play an essential role in viral replication, translation, polyprotein processing, interferon drug resistance and other regulatory activities [26] . Furthermore, these proteins are potential drug target sites for newly developed direct-acting antivirals and other anti-HCV agents [26] . Considering the importance of these proteins, we constructed the mammalian expression plasmids (i.e., pCR3.1/FlagTAG/HCV nonstructural genes) for siRNA inhibition studies against the functional residues of nonstructural proteins in stable Huh-7 cell lines. Huh-7 and their derivative cell lines are the most promising cell culture systems to study liver associated diseases and for the development of novel an- The decrease in viral titer upon transfection of siRNAs directed against NS2, NS4A and NS5A genes. Each trial was performed in triplicate. p-value < 0.05 was considered statistically significant as compared to the S 1a. S 1a (i.e., serum of HCV genotype 1a patient; +ve control).
ti-HCV compounds. Several researchers have demonstrated HCV genotype 1 -4 replication in primary human hepatocytes [10] . Some studies also reported the in vitro stable cell culture system persistently expressing HCV genotype 3a proteins circulating in the local populations [9] . In the current study, we reported an in vitro stable Huh-7 cell culture system, which allowed continuous, defined and reproducible expression of HCV genotype 1a nonstructural proteins (NS2, NS4A, and NS5A) over 30 days post transfection (Figure 2 and Figure 3) . The ultimate purpose of this approach was to evaluate the inhibitory/silencing effects of siRNAs against the expression of nonstructural proteins in stable cell clones. Some studies have described that siRNAs inhibitory effects in transient gene expression were not so much significant and useful to evaluate their therapeutic activity [27] [28], so we adopted this strategy. The stable expression of nonstructural genes at mRNA and protein level was confirmed by RT-PCR and Western blot analysis (Figure 2 and Figure 3) . The results revealed reproducible mRNA and protein expression of NS2, NS4A and NS5B genes over time at day 10 th , 20 th , and 30 th to be used for in vitro RNA interference studies.
As a gene silencing mechanism, RNA interference (RNAi) is one of the key methods used in applied and functional genomics to study the knockout functions of some genes involved in the pathogenesis of certain viral and infectious diseases. Because of its effectiveness and specificity in gene silencing, RNAi is applicable to be used for hard-to-cure diseases like HIV infection, cancers and certain genetic disorders [16] - [18] . A number of investigators have demonstrated that antiviral siRNAs interfere with the replication of animal viruses like HIV-I (Human immunodeficiency virus), flock house virus (FVH) and poliovirus [24] . Similarly, many researchers have also reported that both siRNAs and shRNAs (short hairpin RNA) remarkably inhibits viral replication by targeting HCV genotype 1a and 1b genome in replicon cells [29] . In this study, we targeted the highly conserved regions of HCV nonstructural proteins (NS2, NS4A and NS5A) with synthetic siRNAs according to the well established rules and protocols. We purposed that RNAi-based anti-HCV strategy could be used to target NS2, NS4A and NS5A region of HCV 1a genotype in an in-vitro stable cell line model. Chemically synthesized siRNAs can be introduced into stable Huh-7 cell lines by transfecting with some lipophilic reagents. We were able to show that the transfection of synthetic siRNAs significantly decreased NS2, NS4A and NS5A gene expression in stable Huh-7 lines. RNA interference activities by measuring the mRNA and protein expression of the gene of interest in stable Huh-7 cells may helpful to identify potent siRNA duplexes which selectively suppress HCV gene expression. To achieve optimized efficacy and to determine significantly reduced gene expression, sequence-specific siRNAs directed against NS2, NS4A, and NS5A genes were induced into stable Huh-7 cells in a dose-dependent manner. Our findings are according to the study of Liu et al. and Kim et al. who described significantly decreased expression of HCV genotype 1a and 1b structural and nonstructural genes against the several siRNAs in a dose-dependent manner [30] [31] .
NS2 is an essential protein for the completion of HCV replication in the cytoplasm of host cells. In 1993, Grakoui et al. described that residue H143, E163 and C184 (H952, E972 and C993 when numbered in polyprotein) constitute a catalytic triad of NS2/NS3 protease and are conserved among all HCV genotypes [32] . Therefore, two siRNAs (NS2-is11 & NS2-is22) were designed against the targeted regions which encode H143, E163 and C184 residues. NS2-is22 demonstrated 51% (p < 0.05) mRNA inhibition at 48 h post transfection as measured by quantitative Real-Time PCR (Figure 5(d) ). The decrease in mRNA expression by NS2-is11 after 24 and 48 h post transfection and NS2-is22 after 24 h were not much significant (Figure 5(d) ). Consequently, NS2-is22 was considered the most effective siRNA to decrease mRNA transcript level of NS2 gene at a significant level in stable Huh-7 cell line.
NS4A is a cofactor and an activating subunit of NS3-4A serine protease complex. Bartenschlager et al. and Tanji et al. in 1995 showed that central region of the protein (residue 21 to 34) is essential and sufficient for cofactor function of the protein [33] [34] . Some studies revealed that NS4A is essential for the optimal activity of NS3 serine protease. In its absence, only one cleavage site (i.e., NS5A/NS5B) is partially processed by NS3 protease alone. It is a small size protein, so only one siRNA NS4A-is55 was designed from the central region of the gene and evaluated for RNAi activity against NS4A in a stable cell line. The qPCR revealed a vivid decrease in the mRNA transcript level of NS4A gene up to 47% (p < 0.05) after 24 h and 48 h post-transfection ( Figure  6(d) ).
NS5A is a phosphoprotein that plays an essential role in HCV replication, modulation of cell signaling and confers resistance to interferon therapy [35] [36] . Initially, NS5A grabbed the attention due to its role in modulating the interferon therapy response [37] . It contains a domain that confers resistance to interferon treatment in HCV-infected patients known as interferon-α sensitivity determining region (ISDR) [38] . The inhibition of NS5A may impair the resistance mechanism against interferon by reinstating the innate immune responses. Two siRNAs (NS5A-is66 and NS5A-is77) were designed to NS5A gene, and mRNA transcript level was decreased up to 44% -54% (p < 0.05) in stable cell line after 24 h and 48 h post-transfection (Figure 7(d) ).
The researchers have also been reported HCV replication in serum-infected liver cell lines which presumably resemble to naturally occurring HCV infection in humans [10] [39] [40] . Similarly in 2005, Guha et al. demonstrated that in vitro Huh-7 cell culture models are the best to determine viral infectivity and to evaluate anti-viral agents against HCV infection [41] . To rationalize our study in this prospectus, we further validated the therapeutic induction of siRNAs against NS2, NS4A and NS5A genes in an in vitro viral replicate cell culture model (i.e., serum infected Huh-7 cells). For this purpose, first Huh-7 cells were infected with HCV genotype-1a patient's serum and after that transfected with sequence specific siRNAs. A decrease in viral titer was determined by the detection of 5' UTR of viral copies using qPCR after 3 rd day post-infection [25] and compared to the positive control (serum of HCV 1a genotype patients) which remained unaltered. The viral titer was decreased up to 58% (p < 0.05) by NS2 specific siRNAs in serum infected Huh-7 cells (Figure 8(a) ). NS4A genome specific siRNA decreased viral replication only 48% (p < 0.05) (Figure 8(b) ), while the siRNAs directed against NS5A gene decreased HCV viral titer about 50% (p < 0.05) (Figure 8(c) ). These findings are in accordance to the studies demonstrated by Zekri et al. in 2009 who described inhibition of HCV replication in serum infected Huh-7 cells by siRNAs directed against 5' UTR of HCV genotype 4 [23] . Furthermore, some researchers have also reported the inhibition of HCV replication in serum infected Huh-7 cells by targeting NS3, NS5A and NS5B genes [42] - [44] . We presume that a significant decrease in HCV viral titer with siRNAs in serum infected Huh-7 cells may be an adjuvant therapy to inhibit HCV replication with other combination drugs. Therefore, siRNA mediated gene silencing may be considered a potential candidate for an alternate therapy to treat the chronic HCV infection. Pan et al. demonstrated one supportive study in 2009 while reporting that RNAi in combination with interferon-α might significantly increase their individual antiviral effects [45] [46].
Conclusion
In conclusion, siRNA inhibitory effects against HCV nonstructural proteins in an in vitro stable cell line model and in serum infected Huh-7 cells may indicate that there is an enormous potential for RNAi-based therapeutics against HCV infection. Thus, if the issue with efficient siRNA delivery, off-target effects, viral escape mutants and safety concerns are overcome, it would be trivial to apply this technology to many different hepatotropic diseases.
